The DNA cleavage activity of iron(II) complexes of a series of monotopic pentadentate N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py)-derived ligands (1-5) was investigated under laser irradiation at 473, 400.8, and 355 nm in the absence of a reducing agent and compared to that under ambient lighting. A significant increase in activity was observed under laser irradiation, which is dependent on the structural characteristics of the complexes and the wavelength and power of irradiation. 
Introduction
The design of compounds capable of affecting efficient cleavage of DNA is of great interest because of their potential importance for the development of new antitumor drugs. A subclass of DNA cleaving agents are the metal complexes based on transition metals such as iron, copper, zinc, nickel, rhodium, and the lanthanides.
1-8 Important representatives of this class are the metal complexes of natural ligands, such as bleomycins (BLMs). The antitumor activity of BLMs, which are clinically used in the treatment of, e.g., cancers of the cervix, head, and neck and testicular cancers, relies on the ability of the corresponding metal complexes to mediate oxidative DNA scission involving both single-and double-strand DNA cleavage. 1, [9] [10] [11] [12] Compared to single-strand DNA cleavage (ssc), the repair of double-strand DNA cleavage (dsc) by cellular repair mechanisms is much less efficient; therefore, dsc is believed to be the major source of cytotoxicity of metallobleomycins. 13, 14 The mechanisms of BLM activation and subsequent DNA oxidation have been extensively investigated in the presence of metal ions and O 2 .
1 Many model complexes for metallobleomycins have been developed as synthetic DNA cleaving agents and have proven to be capable of cleaving DNA in the presence of O 2 , albeit that they generally possess low to moderate activity and induce ssc only. 8, 15 In our group, the pentadentate ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine (N4Py, 1; Chart 1) was designed and synthesized as a mimic of the metal-binding domain of BLMs. 16 Its iron(II) complex is capable of inducing DNA strand breaks efficiently with molecular oxygen as the terminal oxidant, even in the absence of an external reducing agent. 16b Recently, we have reported two examples of mononuclear Fe II N4Py complexes capable of inducing direct double-strand cleavage, albeit to a lesser extent than with the analogous multinuclear *To whom correspondence should be addressed. E-mail: W.R.Browne@ rug.nl (W.R.B.), J.G.Roelfes@rug.nl (G.R.). Fax: þ31 50 3634296.
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complexes.
16f Covalent attachment of DNA binders such as 9-aminoacridine, an ammonium group, or 1,8-naphthalimide to the N4Py ligand gave rise to increased DNA cleavage activity in the presence of dithiothreitol (DTT) . 16f In contrast, in the absence of a reducing agent, no beneficial effect of the covalently attached DNA binding moieties was observed. This was attributed to the reduction from Fe III to Fe II , which is required for oxygen activation, being rate-limiting in the absence of a reductant. Mechanistic investigations have revealed the important role played by superoxide radicals, and the proposed mechanism involves the formation of an The DNA binding moieties that were employed, i.e., 9-aminoacridine and naphthalimide derivatives, are wellknown photosensitizers and have been demonstrated to be capable of inducing photocleavage of DNA via electron transfer and the resultant formation of reactive oxygen species (ROS). 17 Here, we present the results of a study of the effect of irradiation with light of various wavelengths on the DNA cleavage activity of the iron(II) complexes of a series of monotopic N4Py ligands (Chart 1) under aerobic conditions in the absence of reducing reagents. The mechanism of the DNA cleavage process induced by the parent complex Fe II -1 under photoirradiation was investigated by inclusion of a series of mechanistic probes in the reaction mixture.
Experimental Section
Materials and Instrumentation. All reagents and solvents were used as purchased without further purification unless noted otherwise. Ligands 1-5 were synthesized according to literature procedures, and all data are in agreement with those reported. 16a,b,f UV-vis spectra were recorded using 1-or 5-cm path-length quartz cells on a Jasco V-660 spectrophotometer. Absorption maxima are (2 nm; molar absorptivities are (5%. Corrected fluorescence excitation and emission spectra were recorded in 10-mm path-length cells on a Jasco FP-6200 spectrofluorimeter. All spectra were recorded at 20°C. Photoirradiation was performed by using continuous-wave (CW) lasers (473 nm, 100 mW at source, Cobolt; 400.8 nm, 50 mW at source, PowerTechnology; 355 nm, 10 mW at source, Cobolt) and pulsed lasers (355 nm, 6-8 ns, 10 Hz, Spitlight 200, Innolas). The power of laser excitation at the sample was calculated using the quantum counter ferrioxalate and verified using a power sensor (PM10 V1, with a FieldMate Laser Power Meter, Coherent).
pUC18 plasmid DNA, isolated from Escherichia coli XL1 Blue, was purified using QIAGEN maxi kits. Concentrations were determined by UV-vis spectrometry at 260 nm using a NanoDrop 1000 spectrophotometer (Thermo Scientific). Restriction enzymes and restriction buffers were purchased from New England Biolabs. A DNA ladder (SmartLadder, 0.2-10 kbp) was purchased Vol. 49, No. 23, 2010 11011 from Eurogentec. Catalase (from bovine liver) and superoxide dismutase (SOD; from bovine erythrocytes) were purchased from Sigma-Aldrich. Agarose used for gel electrophoresis was purchased from Invitrogen. Pictures of the gel slabs were taken with a Spot Insight CCD camera using the software program Spot, version 3.4. The intensity of the bands on the film was quantified by using the software program Gel-Pro Analyzer, version 4.0. Statistical calculations were performed using Mathematica, version 7.01.
Determination of the Irradiation Power and Photo Flux. The iron(III) oxalate/phenanthroline actinometer system was used to determine the light flux (R) of irradiation. 21 The power (P) at the sample was calculated using eq 1, in which E p is the energy of one photon, h is Plank's constant (6.626 Â 10 -34 J s), c is the speed of light (3.0 Â 10 8 m s -1
), and λ is the wavelength of the light source (473, 400.8, and 355 nm) . The values of power determined by actinometry are in good agreement with that measured using the power sensor. Detailed information of the actinometry is provided as Supporting Information.
Quantum yields of fluorescence, Φ f , were determined using 9-methylanthracene, Φ f = 0.27 in ethanol, as a reference. Samples (2 μL) were taken from the irradiated reaction solutions at the time points indicated, quenched by addition to 15 μL of a NaCN solution (1 mg mL
, containing 2040 equiv of NaCN with respect to Fe II N4Py) with 3 μL of a loading buffer (consisting of 0.08% bromophenol blue and 40% sucrose, 6Â concentrated), and immediately frozen in liquid nitrogen. The samples were run on 1.2% agarose gels in a 1Â concentrated Trisacetate-EDTA buffer for at least 90 min at 70 V. Gels were stained in an ethidium bromide (EtBr) bath (1.0 μg mL -1 ) for 45 min and then washed with a gel running buffer. Quantification was performed by fluorescence imaging, and a correction factor of 1.31 was used to compensate for the reduced EtBr uptake capacity of supercoiled plasmid pUC18 DNA.
16d All data are an average of cleavage experiments that were performed at least in triplicate.
Quantification of ssc and dsc. The average numbers of single-(n) and double-strand (m) cuts in a DNA molecule were calculated using both eqs 2 and 3, in which f III and f I are fractions of linear DNA and supercoiled DNA, respectively. 22c Equation 4 is the Freifelder-Trumbo relationship, 22a in which h is the maximum distance in base pairs between nicks on opposite strands to generate a double-strand cut (i.e., 16) and L is the total number of base pairs of DNA used (2686 bp for pUC18 plasmid DNA). Uncertainties in the values of m and n were calculated by a Monte Carlo simulation as described previously.
Calculation of Cleavage Rate. In the case of a pure ssc process, the average numbers of single-strand cuts per DNA molecule (n) at different time points were calculated by using eq 5 (when linear DNA is not present) and eq 6 (when linear DNA is present). Uncertainty limits of the data were calculated based on a Monte Carlo simulation, taking into account a standard deviation of σ=0.03 for individual DNA fractions. 23 The calculated values of n can be plotted as a function of time, and the rate constant (k obs ) of ssc was determined from the linear fit of the graph.
16f Values of k obs are corrected to k* by using eq 7, taking into account the concentrations of DNA (0.1 μg μL -1 and 0.0564 μM) and the iron(II) complexes (1.0 μM).
Results and Discussion
The ligands employed in the present study are shown in Chart 1. The ligands 1-5 and their corresponding iron(II) complexes were prepared and characterized following previously reported procedures. caused the absorption band of ligand 5 to broaden and blueshift by ca. 10 nm, with a concomitant increase in the intensity of the absorption maximum at 340 nm, which strongly suggests the formation of aggregates (vide infra).
On the basis of the UV-vis absorption spectra of the iron(II) complexes of ligands 1-5, the wavelengths 355, 400.8, and 473 nm were selected for photoirradiation in the DNA cleavage study. Both CW and pulsed lasers were employed. 11012 Inorganic Chemistry, Vol. 49, No. 23, 2010 Li et al.
The DNA cleavage activities of the iron(II) complexes of ligands 1-5 were investigated in the cleavage of supercoiled pUC18 (0.1 μg μL -1 , 150 μM bp) in 10 mM Tris-HCl buffer (pH 8.0) at 37°C in the absence of any external reductants within 90 min under laser irradiation at 473, 400.8, and 355 nm, respectively. The final concentration of the cleaving agents was 1 μM based on iron(II), with a stoichiometry of 1:150 with respect to DNA base pairs. All of the experiments were carried out at least in triplicate independently.
Effect of Photoirradiation on DNA Cleavage. Table 2 . Under photoirradiation, all five iron(II) complexes investigated induced significantly more DNA cleavage within 90 min compared to those under ambient conditions. Furthermore, DNA cleavage under photoirradiation continued over 90 min, which is in contrast with the experiments under ambient lighting, where the activity was significantly reduced after 60 min.
16f Under ambient lighting, the iron(II) complexes of ligands 1-5 induce ssc only. 16f Similarly, under irradiation with light of 473 and 400.8 nm, only nicked and supercoiled DNA were present during the reaction. In contrast, under photoirradiation at 355 nm, the formation of 13-19% linear DNA was observed. 24 In the absence of a cleaving agent, DNA cleavage was not observed under photoirradiation at 473 and 400.8 nm; however, at 355 nm, a small degree of DNA cleavage (∼16%) was observed (Table 2, entry 1). This is tentatively ascribed to Fenton-like chemistry resulting from traces of metal ions in solution.
It is known that free iron(II) salts and aromatic compounds are capable of inducing DNA cleavage under photoirradiation through Fenton-like chemistry and the formation of ROS. 17 The preparation of the complex in situ raises the possibility that incomplete complexation and thus free ligand and iron salts may be present in the reaction mixture. (24) The first term of the Poisson distribution predicts that the amount of linear DNA will reach a maximum at around 37%; in practice, this means that smaller fragments of DNA are produced, and as a result, significant amounts of a smear appear in the gel, which precludes quantitative analysis. (Table 3 , entry 6). This is attributed to photosensitized DNA cleavage involving singlet oxygen.
17 Importantly, at 400.8 nm, no DNA cleavage was observed with 1,8-naphthalimide.
Effect on the DNA Cleavage Pathway. In the case of DNA cleavage under photoirradiation at 473 and 400.8 nm, only nicked DNA was formed and, hence, it can be concluded that only ssc takes place. The formation of linear DNA at 355 nm suggests that a double-strand cleavage pathway may be involved as well. Linear DNA can be produced by direct double-strand cleavage or by extensive single-strand cleavage. To distinguish between these different cleavage pathways, the numbers of single-strand (n) and double-strand (m) cuts per DNA molecule were calculated for all time points by statistical analysis using the Poisson distribution as described before 16d-f and compared with the Freifelder-Trumbo relationship, which describes a pure single-strand cleavage pathway.
22a Figure 1 shows the plots of the number of double-strand cleavage (m) versus the number of single-strand cleavage (n) for the iron(II) complexes of ligands 1-5 under photoirradiation at 355 nm. The dotted line is the theoretical curve following from the Freifelder-Trumbo relationship. For Fe II -1-5, the values of m and n increased with time, which is consistent with continued DNA cleavage over 90 min (Figure 1) 
16f The comparison of the m/n plots of Fe II -4 under photoirradiation at 355 nm and with DTT shows that more double-strand cleavage activity was observed under photoirradiation ( Figure S7 in the Supporting Information). Another notable observation is that under photoirradiation at 355 nm the m/n plot deviates from the Freifelder-Trumbo relationship from the beginning. This suggests that both dsc and ssc occur from the start of the reaction. In contrast, in the absence of laser excitation and in the presence of DTT, the m/n plot first approximates the Freifelder-Trumbo relationship and later deviates from it, indicating that double-strand cleavage occurs only after a significant amount of nicked DNA has been formed ( Figure S7 in the Supporting Information).
Effect on the Cleavage Rate. For DNA cleavage processes involving only single-strand cleavage, the number of single-strand cuts (n) at different time points was calculated and plotted against time to obtain the pseudofirst-order rate constant k obs ( Figure S8 and Table S2 in the Supporting Information). The apparent pseudo-firstorder rate constant k*, which is obtained from k obs by taking into account the concentrations of DNA and iron(II) complexes, was used to describe the DNA cleavage efficiency of the complexes.
16f The values of k* for DNA cleavage with iron(II) complexes of ligands 1-5 under ambient lighting and photoirradiation are listed in Table 4 .
With photoirradiation, DNA cleavage processes are significantly faster than those under ambient lighting. The ssc activity of Fe II -1-5 under photoirradiation at 473 nm was significantly higher than that under ambient lighting, and the highest activity was found with Fe II -2. Under photoirradiation at 400.8 nm, the k* values for all complexes are higher than those at 473 nm, and the same trend in k* was observed for the complexes, i.e., in which the largest value of k* was obtained with Fe II -2. Under photoirradiation at 355 nm, the dsc activity was observed with Fe II -1 and Fe II -3-5; therefore, the apparent rate constants were not calculable. Fe II -2 is the most active complex under photoirradiation at 355 nm, with an increase in k* from 1.97 Â 10 -4 min -1 under ambient lighting to 1.11 Â 10 -2 min -1
, which corresponds to a 56-fold acceleration of the DNA cleavage process (Table 4 , entry 2).
Notably, it was observed that the activity of the parent complex Fe II -1 is higher than that of the naphthalimideconjugated complexes Fe II -3-5 under both ambient lighting and photoirradiation, indicating that the naphthalimide moiety does not contribute favorably to the DNA cleavage activity. The ssc activity of Fe II -5, with two covalently appended 1,8-naphthalimide moieties, is significantly smaller than that of Fe II -3 and Fe II -4 under photoirradiation at 473 and 400.8 nm, strongly suggesting an important negative influence of the second 1,8-naphthalimide moiety.
In order to gain insight into the lower activity found for the naphthalimide-derived ligands, optical measurements were performed for ligands 3-5 and their corresponding iron(II) complexes. The fluorescence response of 3-5 upon the addition of 1 equiv of Fe 2þ was investigated in 10 mM Tris-HCl buffer (pH 8.0) at 20°C ( Figure S9 in the Supporting Information). For ligands 3 and 4, the addition of Fe 2þ caused a significant decrease in the fluorescence 11014 Inorganic Chemistry, Vol. 49, No. 23, 2010 Li et al.
emission intensity, which suggests electron and/or energy transfer between the photoexcited fluorophore, i.e., naphthalimide, and the iron center bound to N4Py. A higher degree of quenching of the fluorescence emission was observed with 4 containing a longer linker, indicating a stronger interaction. This is most likely the result of the higher structural flexibility of Fe II -4, which facilitates interaction between the iron(II) center and the naphthalimide. As a result, both are less available for interaction with the DNA, resulting in a lower DNA cleavage activity. As mentioned above, the UV-vis absorption spectra suggested that aggregates of Fe II -5 were formed in aqueous solution even at low concentrations ( Figure S3 in the Supporting Information). In agreement with this observation, an excimer emission was observed for both free ligand 5 and complex Fe II -5. The quantum yields (Φ f ) of fluorescence of ligands 3-5 and complex Fe II -3-5 are listed in Table 5 . Photoinduced electron and/or energy transfer between the excited naphthalimide and the iron center may account for the decrease in the Φ f values of Fe II -3-5 compared to those of ligands 3-5. The observed aggregation of Fe II -5 is most likely the cause of the lower DNA cleavage activity.
Power Dependence of the Photoirradiation Effect. The power dependence of the DNA cleavage activity of Fe-2, which is the most active complex in the study described above, was investigated at 355 nm using a CW laser with a light flux of 5.2Â10 15 photons s -1 (2.9 mW) and pulsed lasers with a light flux of 5.7 Â 10 15 photons s -1 (3.2 mW) and 4.4 Â 10 16 photons s -1 (24.6 mW). Figure 2 shows the average numbers of single-strand cuts (n) of Fe-2 at 30 min. A similar DNA cleavage activity was observed with the CW and pulsed lasers at similar light flux, with n of 0.899 ( 0.054 and 0.898 ( 0.050, respectively. This suggests that pulsed and continuous irradiation at the same power affect the DNA cleavage processes comparably. The increase in the DNA cleavage activity observed with the pulsed laser at 355 nm with a light flux of 4.4 Â 10 16 photons s -1 (24.6 mW) demonstrates that the cleavage process is approximately linearly dependent on the irradiation power.
Mechanistic Investigation. The nature of the ROS involved in the photoenhanced DNA cleavage was investigated by the addition of a series of mechanistic probes. The ROS scavengers that were used include NaN 3 , which is a known singlet oxygen ( 28 These investigations were focused on the parent complex Fe II -1. With complexes Fe II -2-5, which are more strongly bound to DNA because of the covalently attached DNA binding moiety, it may be difficult to intercept any ROS with a scavenger before DNA damage occurs, which would potentially skew mechanistic conclusions. Table S3 and Figure S10 in the Supporting Information and Figure 3 show the average numbers of single-strand cuts (n) of Fe-1 with different scavengers at 30 min under ambient lighting and photoirradiation at 473, 400.8, and 355 nm, respectively. As reported before, the activity of Fe II -1 under ambient lighting involves superoxide radicals. e The cleavage rate was obtained within 60 min, which is before the DNA cleavage process reaches the limit of accurate quantification. As a consequence, the DNA cleavage activity is not affected by the presence of NaN 3 and DMSO but is significantly reduced by the presence of SOD and SOD in combination with catalase.
16f Under photoirradiation, the DNA cleavage efficacy of Fe-1 was inhibited by all scavengers, albeit to various extents and depending on the wavelength used. This suggests that the observed activity results from multiple ROS, e.g., Under photoirradiation at 473 nm, a small decrease in the single-strand cleavage activity of Fe-1 was observed by the addition of NaN 3 (∼16%) and SOD (∼18%). The addition of DMSO resulted in a moderate drop (∼40%) in the activity. A strong inhibition (∼68%) was observed upon the addition of SOD and catalase together (Table S3 in the Supporting Information and Figure 3b) . A similar pattern was observed when 400.8 nm light was employed. The addition of NaN 3 , DMSO, and SOD gave rise to a small decrease (∼20%) in the activity, respectively, and the addition of SOD and catalase together resulted in a strong decrease in the activity (∼73%) ( Table S3 in the Supporting Information and Figure 3c ). At 355 nm, the addition of NaN 3 , SOD, and SOD combined with catalase resulted in a moderate drop (∼40%) in the singlestrand cleavage activity of Fe-1, while the addition of DMSO resulted in a smaller extent of inhibition (∼20%) ( Table S3 in the Supporting Information and Figure 3d) . Interestingly, in the case where SOD and catalase were added together, dsc was inhibited completely (Figure 3d,  inset ). These results demonstrate that the contribution of the different ROS, i.e., 1 O 2 , OH • , and O 2 •-, to the total activity of Fe II -1 under photoirradiation, is dependent on the conditions of photoirradiation and that O 2
•-is of particular importance for the observed activity. Fe II N4Py under Photoirradiation. Notably, it was observed that the parent Fe II N4Py complex, Fe II -1, without appended chromophores, already displays significantly enhanced DNA cleavage activity under photoirradiation. Marked differences were observed in the DNA cleavage with Fe II -1, depending on the wavelength used for photoirradiation. Considerably more DNA cleavage was found under photoirradiation generated with a pulsed laser at 355 nm compared to the CW laser at 473 and 400.8 nm. This can be attributed only partly to an increased light-induced background reaction at 355 nm, which does not occur at 473 and 400.8 nm (Table 2, entry 1). Furthermore, under irradiation at 355 nm, also direct double-strand cleavage was observed, whereas at 473 and 400.8 nm, pure single-strand cleavage was observed. These results suggest that, by irradiation with 355 nm, a wide range of ROS may be generated compared to irradiation at longer 11016 Inorganic Chemistry, Vol. 49, No. 23, 2010 Li et al.
wavelengths. Indeed, the mechanistic probes employed also resulted in different inhibition patterns depending on the wavelength used.
At all wavelengths investigated, SOD combined with catalase generally gave rise to the most significant degree of inhibition, suggesting that, also under photoirradiation, O 2
•-is the dominant contributor to the DNA cleavage activity of Fe II -1. This is similar to what was found for the cleavage reaction under ambient lighting. 16f However, under photoirradiation, inhibition is also observed to a variable extent with the other ROS scavengers employed, which is in contrast with the cleavage reactions under ambient lighting. The inhibition pattern observed in the case of irradiation at 355 nm is in stark contrast with that observed at 473 and 400.8 nm. At 355 nm in particular, significant inhibition is observed upon the addition of NaN 3 , which indicates the involvement of singlet oxygen. To a lesser extent, inhibition by DMSO is observed, which could be indicative of the involvement of OH
• . There are several possible rationalizations for the significant effect of photoirradiation on DNA cleavage with Fe II -1. Because at higher irradiation wavelengths superoxide radicals are the dominant contributors to the observed DNA cleavage activity, it can be assumed that electrontransfer processes, resulting in the reduction of O 2 to O 2
•-, play an important role. Superoxide radicals were also proposed as the key species involved in the Fe II -1-mediated DNA cleavage under ambient lighting.
16f Therefore, this suggests that while photoirradation leads to a more efficient DNA cleavage process, it does not fundamentally alter the DNA cleavage chemistry. Our hypothesis is that photoinduced spin-crossover transitions following metalto-ligand-charge-transfer (MLCT) excitation 29 yield highspin-state iron(II) complexes that can engage in electron transfer to O 2 . This step is the key to the observed increase in the DNA cleavage activity. Alternatively, light-induced dissociation of a coordinated solvent molecule to generate a vacant coordination site, accompanied by a low-spin to a high-spin transition, would generate a species capable of reacting with O 2 to generate superoxide radicals or that will react with superoxide to produce the active Fe •-) species.
30
At 355 nm, more than one ROS were demonstrated to be involved in DNA cleavage. Therefore, it is likely that in this case more than one light-induced process is contributing to the overall activity. In addition to the processes that result in the formation of superoxide, as described above, it is likely that the photosensitized generation of 1 O 2 is also involved. This could occur through ligandbased photosensitized generation of 3 O 2 . 18d,31 It has been reported that photogenerated 1 O 2 is mainly affecting the oxidation of DNA nucleobases, preferentially guanines, rather than the cleavage of phosphate-deoxyribose backbones. 32, 33 Photogeneration of OH
• can also promote DNA cleavage because OH
• is an intermediate reactive species capable of abstracting hydrogen atoms from the deoxyribose moieties of DNA. The resultant sugar radicals are known to result in base release and associated ssc. 11,18g,33,34 The involvement of OH
• in DNA cleavage with Fe II -1 under photoirradiation was observed, however, albeit only to a minor extent. Furthermore, it should be noted that homolytic scission of the O-O bond in N4PyFe III OOH, which is proposed to be the active species or precursor for DNA cleavage, probably will result in the formation of OH
• and N4PyFe IV dO. , which can then engage in another DNA cleavage event. Combined, these processes should dramatically increase the formation of the active oxidant N4PyFe III OOH. Additionally, the strong DNA binding affinity provided by the 9-aminoacridine moiety is also expected to contribute favorably to the observed DNA cleavage activity, as was reported before.
16b,f Finally, electron transfer from the DNA nucleobases, especially guanines, to the photoexcited 9-aminoacridine moiety may further increase its electron-donor ability. Table 6 . O 2
•-was also found to be the key intermediate in photoirradiated DNA cleavage induced with an iron-(III) complex of the acridine-imidazole conjugate ( 
Conclusions
The photoirradiation of iron(II) complexes of monotopic N4Py ligands 1-5 at 473, 400.8, and 355 nm induced significantly increased DNA cleavage activity under aerobic conditions without any external reducing agent. The characteristics of the observed activity of these mononuclear Fe II N4Py complexes depended strongly on their structures and, in particular, on the chromophores that were covalently attached to the N4Py ligand. The parent Fe II N4Py complex, Fe II -1, which does not contain covalently appended chromophores, already displays significantly enhanced DNA cleavage activity under photoirradiation. Interestingly, the order of activity was found to be Fe With CW photoirradiation at 473 nm (30.3 mW) and 400.8 nm (17.4 mW), Fe II -1-5 effected significantly enhanced ssc compared to ambient lighting conditions. With pulsed irradiation at 355 nm (24.6 mW), the enhancement of the activity is more pronounced, which is attributed to the coinvolvement of other ROS that are photochemically generated. In some cases at 355 nm, this resulted in direct dsc in addition to ssc.
Inhibition experiments with different ROS scavengers and Fe II -1 demonstrated that 1 O 2 , OH
• , and O 2 •-contribute to the total DNA cleavage activity to different extents depending on the wavelength used. In all cases, O 2
•-plays a dominant role. It is proposed that O 2
•-reacts with the iron(II) complexes to give of the active species or precursor, most likely iron(III) peroxo and/or iron(III) hydroperoxide complexes. For the DNA cleavage process under ambient lighting, the same species were proposed to be involved. Therefore, it is concluded that the mechanism of the DNA cleavage process itself is not changed by photoirradiation.
16f Rather the higher activity under photoirradiation is due to the increased rate of production of ROS, in particular O 2
•-. The detailed origin of the photoactivation of Fe II N4Py complexes in DNA cleavage is currently under investigation. Importantly, the significant enhancement of the DNA cleavage activity of Fe II -1-5 under photoirradiation at 473 and 400.8 nm suggests that enhanced activity of Fe II N4Py complexes at wavelengths of 600-800 nm is feasible via two-photon excitation, which is of potential interest for the development of metal-based DNA cleaving agents in photodynamic therapy.
18d,31e
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